Two surface flow constructed wetland systems used to treat agricultural wastewater for over a decade were evaluated for their overall on-going treatment performance and future restoration need. Many on-farm constructed wetlands used for wastewater treatment in Atlantic Canada are now beginning to reach their saturation point and are no longer performing to their full operational potential. This study is an example of the process of evaluating when these systems are no longer viable; or are no longer functioning properly for wastewater treatment and outlines the steps necessary to restore their overall treatment capacities. On-farm constructed wetland restoration has been identified as a best management practice and can be accomplished successfully when important factors such as; landscape, hydrology, function, and the long-term farming goals are considered.
Introduction
Constructed wetlands (CWs) have been found to provide a great service for reducing the environmental impacts from agricultural practices (Crumpton & Baker, 1993; Schaafsma et al., 2000; Zelder, 2003; Smith et al., 2005a Smith et al., , 2015b . Interest in the use of CWs to treat farmyard runoff has increased in Eastern Canada over the past two decades due to the abundance of agricultural wastewater production and the need and interest in meeting necessary environmental standards. Since the conception of the Nova Scotia (NS) Environmental Farm Plan (EFP) Program in 1999 for example, on-farm environmental practices have greatly improved in NS. Due to the abundance of livestock farms, particularly dairy (~600) and beef (~1120) in the Atlantic Canadian region (Statistics Canada, 2014) , there is still a need for wastewater treatment systems in the region.
Some producers are currently dealing with their waste through various means such as; manure and runoff containment (i.e. manure storage pad or concrete lagoons), land application, composting, dead-stock management, septic systems, vegetative filter strips, etc. There is still however a need for on-farm wastewater management in the Atlantic Canadian region. One of the most promising technologies for applications for small to mid-scale farms has been the use of CW systems due to their simple design and construction, operation and maintenance, and aesthetic appeal (Hammer, 1991 (Hammer, , 1992 Cronk, 1996; Kadlec & Knight, 1996; Smith et al., 2005a Smith et al., , 2005b Smith et al., , 2006 . There has been a renewed interest in CWs due to their cost effectiveness and eco-technology. Since the start of the EFP Program across Atlantic Canada, there has been a variety of farms who have implemented CWs to help deal with wastewater issues such as manure runoff, milkhouse washwater, etc. (NSEFP Program, 2015) . These systems have been found to be very effective at treating a variety of different types of wastewaters for a number of years now. Many of these systems however are now 10-15 plus years old and require much needed attention in order to get them back to their original state to enhance overall treatment performance and effectiveness. A number of these systems have become saturated with nutrients, fecal coliforms and vegetation; hence these systems are no longer a sink for nutrients, but rather a source of nutrients. Some systems have even become clogged because of the decomposition of organic and inorganic solids, therefore leading to a build-up of sludge (DeVries, 1972) . There is a lack of literature which currently exists outlining how producers, land or extension specialists should deal with the issue of wetland saturation for agricultural wastewater treatment purposes.
Much of the literature which exists on wetland restoration is with regards to natural wetland systems, or wetlands used for buffers and erosion control of storm-waters (i.e. coastal), peatlands, or wetlands used for ecological restoration (Mitsch & Cronk, 1992; Galatowitsch & van der Valk, 1996; Mitsch & Wilson, 1996; Zelder & Callaway, 1999; Keddy, 2000; Turner & Streever, 2002; Zelder, 2003) , not CWs designed for on-farm treatment purposes. Natural wetland systems are very different than CWs, as they are not designed for wastewater treatment purposes. Therefore, there is a need to examine this process of CW restoration with on-farm, man-made systems. The objective of this paper aims to quantify water quality parameters in two agricultural CWs over a 14 yr period. This paper aims to outline an example of some of the environmental considerations behind when it may be necessary to restore an existing agricultural CW and how one would go about carrying out this process. This paper outlines some of the issues and problems associated with aging agricultural CW systems, and presents ideas for restoring CWs back to their original state so that they can function as they once did.
Research Methods

Site Description & Design
It is important to define wetland restoration for the purpose of this study. Restoration refers to returning the CW system back to its original state when wastewater treatment was achieved; or it may be also be defined as the action taken to halt the further decline of a CW system so that it is no longer a source for pollution.
Two agricultural CWs have been chosen for this investigation. These systems were surface flow (SF) wetlands (100 m 2 ) that were designed and constructed in 2000 to continuously treat dairy wastewater, as well as domestic wastewater for a very short period of time. Hydraulic loading rates were variable over the monitoring period, however average five day biological oxygen demand (BOD 5 ) loading rates were 1500 mg L -1 . Overall, the treatment performance of these systems was very good throughout the years, with BOD 5 mass removals as high as 99% when treating dairy wastewater (Smith et al., 2006) . The average retention time for both systems was 12 d. Both systems were constructed with two deep zones (0.75-1 m in depth) and two shallow zones (0.15-0.20 m in depth). A full description of these systems can be found in Smith et al. (2006) . Yearly averaged minimum and maximum temperatures throughout the entire monitoring period were -21°C to a maximum of 32°C (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) .
After 14 years of operation, the CWs had become a real eye sore and treatment efficiency rates had decreased over time (Table 1) . The CW systems were no longer able to hold water effectively. The polyethylene liners suffered impacts due to muskrat infestations (Figure 1 ), as well as the overall wear and tear from weather (i.e. sun degradation and ice movement). The wetlands had become overgrown with cattails, grasses, and weeds, as well as widespread algae in later years. The overgrowth in vegetation in the present study had choked the water pathway, and this prevented adequate water flow throughout the systems, resulting in a total system decline by 2013 (Figure 2) , with less than a 50% BOD 5 removal rate. Due to these factors, in combination with poor water quality and odours associated with these systems, the systems could no longer be used for treating agricultural wastewater. The systems were now becoming a source of nutrients rather than a sink. This is a common situation facing many producers with CWs in the Atlantic Canadian region. The wetlands were therefore in need of restoration. Restoring these systems back to their original state was necessary so that they could be used again for on-farm treatment purposes. Producers in the region are facing a very similar situation and it is important for them, as well as their farm advisors to be able to recognize when this point has been reached and when restoration may be necessary. -N: using an ion specific electrode). Flow was measured using calibrated tipping buckets at both the inflow and outflow. Water samples were obtained regularly to aid in determining the overall wetland treatment performance and mass removal:
Water
where, C in = average monthly inflow concentration (mg L -1 or CFU 100 mL -1 in the case of FC); C out = average monthly outflow concentration (mg L -1 or CFU 100 mL -1 in the case of FC); Σ Q in = sum of the monthly flow volume into the wetland (L); Σ Q out = sum of the monthly outflow volume out of the wetland (L).
Water samples were obtained from both the inlets and outlets from both wetlands throughout the period of 2000-2013 and post restoration in 2014-2015. Samples were obtained more frequently at the start of this study when the wetland renovation was completed and then on a monthly basis following regular operation.
In 2000, both wetlands were found to have a BOD 5 mass removal of 99%, compared to a 50% reduction in 2014, after 14 years of operation. Figure 2 indicates the decrease in the BOD 5 mass removals for both wetlands over time. Wetland mass removals were much higher in the earlier years of operation (2000-2008) with a more rapid decline following this period even though loading rates were kept relatively constant. The decline in average mass removal rates was however more pronounced following 10 years of operation ( Figure 2 ). Phosphorus is generally considered to be the limiting nutrient within these systems when determining if their saturation point has been reached (Richardson & Craft, 1993; Sakadevan & Bavor, 1998; Drizo et al., 2002; Dong et al., 2005) . In the present study, TKN and SRP appear to have been the limiting nutrients in the examined systems, as their mass removal rates had declined significantly pre-restoration (Table 1) .
A visual detailed inspection was performed at the study site each fall during the monitoring period; results are presented in Table 2 . Results indicate some of the visible challenges. Results indicate that visual challenges started to present themselves in 2011 (i.e. stagnant water, odours, dark water color, holes in the liner, and increased vegetation growth). These are some of the indicators a producer should be aware of when using an on-farm wetland system. A weather station was also established at the site to determine meteorological impacts on wetland performance. Parameters measured included; air temperature, relative humidity, water temperature (0.10 and 1 m), precipitation, solar radiation, wind speed and direction. The only indication that weather had an impact on Vol. 11, No. 4; 2019 6 recommending that farms also conduct an Agricultural Biodiversity Conservation (ABC) plan as part of their overall Environmental Farm Plan.
On a farm there is often a wide variety of different types of habitats in a relatively small area (i.e. wetlands, woodlands, fields, etc.). Because of this, they tend to foster high amounts of biodiversity. An ABC plan is administered by a program provided by the Department of Lands & Forestry where the biodiversity on the farm is examined and suggestions are made to the farm owner on how to protect and encourage this biodiversity going forward. The ABC program has been running for 10 years in NS and has examined over 15,000 ha of land on more than 180 farms. The ABC plans are provided free of charge to the producer and are available for any type of farm in NS of any size, and there is no obligation to the farm owner to act on any of the recommendations provided in the plan. The onsite examination takes 1-3 d depending on the farm size, and then a report is produced based on the farm assessment. This report outlines the different habitats on the farm, the common species found within those habitats, and what practices can be undertaken to help protect those environments. Often the practices that farm owners are following are already encouraging the local biodiversity, in these cases the ABC plan works to educate owners on the beneficial impacts of what they are doing and the impacts it has on the local biodiversity. This encourages them to make similar choices as they continue to develop their operation.
Visual Inspection
After 14 years of operation the water within the present wetland systems were either non-existent in some zones or was black/dark and very stagnant in other zones. The liners were severely damaged by an infestation of muskrats, as well as some plant roots and the normal weather degradation. Total P was high in both systems ( Table 1 ), indicating that both of these wetlands had become saturated, meaning they started to become a source of pollution rather than a sink for excess nutrients. This is similar to the observations made by Koskiatho et al. (2003) and Smith et al. (2006) . Both studies also saw overly stressed agricultural CWs becoming a source instead of a sink of total P.
The lack of wildlife present was also an indication of wastewater overloading and reduced treatment capacity. Wildlife could no longer live in the wetland or sustain themselves based on the current toxic water conditions. Water that was in existence was starting to become stagnant and odours were present. If there is a presence of algae for prolonged periods of time it is important to be aware that this may indicate that the system has been overloaded with nutrients and inflow volume or wastewater concentration should likely be reduced. Reducing the inflow will help if the wetland has not already reached its saturation point. At times, inflow concentration may not be the problem. High nutrient levels may be coming from an influx of ducks for example. It is important to identify the source of these nutrients. In the present study, vegetation was very overgrown and cattails within each shallow zone were at a density of approximately 22 per square meter, compared to the recommended one cattail every square meter at the time of planting (U.S. EPA, 1988). Increased vegetation also contributed to a blockage in free water flow throughout the wetland systems due to the increase in plant density. The high density caused short-circuiting of water within the system which was problematic for adequate treatment. The short-circuiting did not allow for adequate retention time.
There has been plenty of research done on the different set backs that many CWs face. Braskerud (2002) found, in a study examining the N retention of four surface flow CWs in Norway for 3 to 7 yrs, that the N retention decreased as the wetlands aged. Similarly, Liikanen et al. (2006) looked at the greenhouse gas emissions of a CW used to purify peat mining runoff in 1992 and in [2001] [2002] . They found that the CH 4 emissions had doubled and the CO 2 emissions had tripled in the 10 yr gap. This was believed to be caused by increased plant biomass and a higher average temperature.
Another common issue to CWs is the overloading of the systems. In a CW examined by Newman et al. (1999) designed to treat milkhouse wastewater, it was found that the wetland was being overloaded, especially by BOD 5 . This lead to multiple issues, including decreased nutrient reduction and the inability to estimate the wetland's treatment efficiency using its retention time. Relatedly, a study by Harrington and Scholz (2010) examining the use of CW to treat waste from pig farms found that the replicate with the highest flow rates (>100 m 3 /ha/d) had difficulty with ammonia-N removal leading to both air and water pollution. This was likely due to the system being overloaded, highlighting the importance of using a CW that is sized appropriately to handle the expected inflow of a system. Relatedly, a study by Barton and Karathanasis (1999) examined a CW used for acid mine drainage water (not agriculture) failed due to inadequately using the treatment surface area, overloading, and inadequate alkalinity production. Clogging has been recognized as a major factor in decreasing CW longevity (Winter & Goetz, 2003; Lianfang et al., 2009) . This is something however that is preventable. It is important for agricultural producers to jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 4; keep in mind that CW should not be designed as a primary treatment system, meaning they cannot handle significant amount of solids. It is therefore important for producers to have a settling tank or settling pond to capture most of the solids before it enters a wetland system. Pre-treatment is very important to the longevity of the system (Cronk, 1996; Knight et al., 2000; Vymazal, 2009) .
A study done by Koskiaho et al. (2003) examined CW and their ability to retain nutrients under boreal conditions. Of the three wetlands examined in that study, the wetland with the shortest retention time often became a net source of dissolved reactive phosphorous and NO 3 --N. Retention time has a large impact on a CW's ability to filter nutrients, as many of the filtering processes take time to be enacted (Stottmeister et al., 2003) . Therefore, it is important when creating CWs to make sure that they are designed to a large enough size and in such a way that inflow spreads evenly across the entire CW. Pries et al. (1996) examined data from 68 different CWs in the northern United States and southern Canada. Similarly, to Barton and Karathanasis (1999) and Pries et al. (1996) they found that CWs without adequate pre-treatment facilities often had a buildup of solids inside of them which impaired the efficiency of nutrient removal by covering over the microorganisms that were providing treatment, and by reducing the hydraulic residence time in the CW. Without proper pre-treatment the CW was unable to process nutrients as efficiently and had less time to do so.
System type is also something that needs consideration at the farm level (i.e. surface flow or subsurface flow wetlands). There are pros and cons to each type of wetland system. Surface flow wetlands are most often cheaper to install, but when compared to subsurface flow wetlands they tend to have a lower efficiency of contaminate removal (Lee et al., 2009) . Subsurface wetlands can be divided into two sub-types based on the direction of the flow water, horizontal flow and vertical flow. Horizontal flow CWs tend to lack the ability to provide nitrification due to being a mostly anaerobic environment. Vertical flow CWs on the other hand, lack the ability to provide effective denitrification. It is possible to combine the features of vertical and horizontal flow CWs to create a hybrid system that has the benefits of both (Lee et al., 2009 ).
Seasonal variability is often another concern when incorporating a CW into a farm. If a farm is in a cold climate then using a CW during all seasons could lead to unique obstacles during the winter months. These obstacles can include hydrology and hydraulic issues caused by freezing of the surface water, as well as chemical and microbial processes that may be adversely affected (Smith et al., 2006) . There are multiple options for how to handle these issues. If a producer can afford the cost of storage they can store wastewater created during the winter and release it into the CW after the winter months (Pries et al., 1996) . Alternatively, different forms of insulation have been shown to be effective, including mulch, compost or straw (Steiner & Watson 1993; Wallace et al., 2000) . Lastly, Smith et al. (2006) insulated the CW in their study by raising the water depths in the winter months, then allowing the surface layer to freeze over naturally, and then returning the water depth back to its original level, creating a pocket of air. This management practice worked well for continuing the treatment throughout the winter months but does require some management.
Site Restoration Work
Once restoration began it was clear that there was a lot of sediment in the bottom of the wetland. Even though the wastewater storage tanks did provide some pre-treatment for sediment removal, solids did also accumulate across all zones in each system. Excavation began by the removal of all vegetation and all the saturated soil, vegetation was composted and soil was land applied. The polyethylene liner was also removed due to the fact that the vegetation began to create holes in the liner and the sunlight overtime had degraded it. The soil beneath the liner was then inspected for any structures such as pipes, rocks, etc. This was to ensure there would be no punctures in the new liner. This work consisted of layering and compacting the soil in both deep and shallow zones. The new liner was then manually installed and a nice tight seal was achieved by the construction of surrounding berms. Berms were constructed using a 2:1 slope to ensure adequate bank stabilization and for the security of the liner. Installation of a liner is necessary if soils at the site are particularly sandy and do not have an adequate water holding capacity. The use of a liner can help to prevent groundwater contamination. Typical pond-liners are expected to have a life-span of 8-12 yrs if maintained properly.
Once the liners were installed approximately 0.20 m of soil was placed in the bottom of each shallow zone to act as a bed for vegetation that was later planted. Cattails were planted at a density of 1 every 1 m 2 in all shallow zones. Once cattails were planted securely, water was then placed into each wetland slowly to ensure that the soil remained in position (Figure 4 Vol. 11, No. 4; In both W1 and W2, species richness increased significantly (vegetation and wildlife) over time based on a visual inspection of the wetlands. Wetlands with higher biodiversity tend to have higher ecosystem sustainability and nutrient removal efficiency (Bachand & Horne, 2000; Liu et al., 2009; Zhang et al., 2011; Chang et al., 2014) . However, Chang et al. (2014) also noticed that although species richness lead to an increase in the efficiency of N removal in CW, they also saw a rise in greenhouse gas emissions. Therefore it is possible that higher biodiversity may come at an atmospheric cost though the research suggests that this negative is out weighed by the benefits that a high biodiversity can provide.
Conclusion
There has been renewed interest in the use of on-farm CWs due to their cost-effectiveness and how eco-friendly the technology is. Constructed wetlands have been found to be very effective at treating agricultural wastewater for many years. Wetland restoration has been found to be a best management practice (BMP) that can improve water quality bordering agricultural areas. Wetland restoration can be a cost effective treatment option that should be investigated before investigation other man-made options (i.e. woodchip bioreactor, digesters, etc.). The present study determined that these wetlands functioned very well when continually loaded for more than 10 yrs. Maintenance and continued water quality monitoring however is key for on-farm CWs that are to be used for treatment purposes to ensure that these systems are functioning properly. Constructed wetlands do require regular visual and water quality checks to ensure proper functioning is occurring and that there are no environmental hazards taking place. Pre-treatment for sediment removal will also help to increase the life-span of the wetland and careful monitoring and managing are key to the long-term success of these systems. Producers do however need to be aware that these systems will not last forever, and that the determined lifespan will depend on a variety of factors such as; loading rate, wastewater type, climate, vegetation density, soil type/condition of the liner, and species present.
It is very important for producers to sit down with a wetland expert and an agricultural engineer to discuss what their long-term farming goals are and what they will require on a daily basis for their current and future farming practices. Important points of consideration and discussion should include; (i) what type of wastewater will be treated, (ii) what is the average/expected maximum and minimum flows, (iii) what are the water quality parameters of concern, and (iv) what are the long-term goals of the farm and how might the flows change in the future. Discussions involving these questions; coupled with proper design and management will help to ensure the long-term viability of these systems. The overall restoration of an on-farm wetland should be a multi-disciplinary effort; the role that wetlands play as a climate adaptation option for flood abatement, their role in on-farm nutrient interception, as well as their role in enhancing on-farm biodiversity should all be considered to ensure that the full potential of the wetlands are being met.
